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1 State of the Art of Microreaction Technology 


i be inn of this chapter is 10 define the field referred to us microreaclion technology, to 
n .lv/.e principal advantages, to comment on these benefits, reviewing current achieve- 
ments! 10 document the Mate of the art of industrial implementation, and finally to outline 
future developments. 


1.1 Definition 

L 1 . 1 Microsystems Termed M icroreactor 

|„ accordance with the tern, "microsystem", which is widely accepted, microreactors usu- 
-llv are defined as miniaturized reaction systems fabricated by using, at least part.allv. 
methods of mierotechnology and precision engineering. The characteristic dimensions of 
the internal structures of microreactors like fluid channels typically range from the sub- 
micrometer to the sub- millimeter range. Some people also preler the terms nanoreactors or 
.;ni!li-/minireactors for devices ^ ith characteristic dimensions at the lower or the upper 
boundary of this dimensional range. In this book, however, only the term 
will be used. 


1. 1.2 Structural Hierarchy of Microreactors 

The construction of microdevices generally is performed in a hierarchic manner, i.e. com- 
nrisino an assembly of units composed of submits and so forth. This holds particularly tor 

..icrneacUHs winch ;ue based „„ an architecture characterized by multiplying unit cells. 
u-.c so-called concept of numbering- up 1 1 . 2.]. In the following it. is aimed lo communis 
define different units which most ollen are assembled in microreactors. 

/ \-jhiitions villi Regard n> Structural Hierarchy 

i r,e smallest units ol" a miniaturized continuous flow system are nucrosuuenat;-. mine »...m 
majority of cases referring lo channel structures (see Figure I - 1 !. Usually parallel channels 
...e combined to tin arras surrounded by inlet and outlet flow regions, sometimes relerrcd to 
headers. A typical single or multiple flow channel configuration of distinct geometric 
ante is named element. A ivpicnl example for a mixing element is an mterdigitai ciiaunei 
oai'i-iiralioir In some cases, elements can consist of chambeis too. e.a. carrying audi 
■ aial niicrosiructures such as pores 

\ combination of an clement, connecting fluid lines and supporting base materia!, m 
a-i used unit. For instance, a mixing platelet with an interdigital structure and feed tmes is a 
.. !!v -rom\iiig unit. In order I.) increase throughput, units may form a Muck. e.g. a stack of 
.. asalytic platelets in a chamber of a gas phase miororeacior. Alternatively, identical devices 



Kjo, j. |. Hierarchical assembly of niicroieaelors. as evidenced for micromixcr components. 


can be arranged in parallel in a plane, e.g. a micromixer array consisting of thousands of 
unit cells. 

Neither units nor stacks can be operated alone, hence, they are not real microreactors, 
since they need housings or. at least, top and bottom plates for fluid connection to external 
periphery. A device refers to a unit embedded either in a housing or between two end caps. 
The build-up of complex systems can be performed by integration of several units within 
one common housing. A system can also be based on a connection of devices, in this case 
referred to as components. 

Any parallel or serial interconnection of components, systems or mixed combinations 
may be termed set-up or plant, dependent on the type of application, being lab- or indus- 
trial scale oriented, respectively. These set-ups or plants consist of either only microdevices 
or -.systems, or, more likely, may contain microreactors next to conventional larger equip- 
ment. 

Conceptual Division of Contents of This Book 

The structural hierarchy - mierostrueture/channel. element, unit, device/component, sys- 
tem, set-up - is related to the conceptual division of the contents of this book. Chapters 
discuss components and systems with respect to different types of reactions and unit opera- 
tions: 


I.I Dollnilinn 


• Micromixers 

• Micro heal exchangers 

• Microscparators 

• Gas phase reactors 

• Liijuid phase reactors 

• Gas/liquid reactors 

in the case of a combination of several operations, i.e. referring to a microsystem, the most 
characteristic Junction is chosen for classification. For instance, a system consisting of a 
mixer, heal exchanger and catalyst platelets, designated for carrying out gas phase reac- 
tions, will be discussed in the chapter "Gas Phase Reactors". The remaining components of 
litis microsystem will not be described in separate chapters, e.g. in "Micromixers" or "Mi- 
cro Heal Exchangers", except if they represent a unique flow configuration regarding their 
microelement. In this case, the presentation of the system is split into a chapter for the 
(unit) operation and a chapter for the system (reactor). 

Very complex assembled microsystems including several types of reactors are discussed 
in separate chapters. These microreaction systems are referred to their respective type of 
application. Currently, two special fields of applications are of extremely high commercial 
interest, namely catalyst/material screening and energy generation. For these applications, 
two separate chapters were planned in litis book. In addition, the assembly of several 
microsystems into a complete plant, e.g. for distributed production, is discussed in the 
Chapter 1 1 "The Miniplant Concept". 

In the case of the description of components, sections refer to selected flow configura- 
tions, i.e. microelements, typical for a certain function. Since these elements are directly 
correlated to principles of function, e.g. a certain mixing concept, it was aimed to present a 
comprehensive overview of present approaches. Thereby, potential advantages of mini- 
aturization are given practical application. Hence, a performance comparison of the vnri- 

• concepts, i.e. components or systems with specific elements, is crucial for a deep, tin 
..krsi.iiiuijiji of mici olfaction technology. 

Km instance, the chapter on micromixers is composed or sections, rel erring to the 
microelements termed with respect to the specific flow configuration. To illustrate this type 
of classification, the follow ing examples of micromixing elements are given: 

• Contacting of two substreams. e.g. in a mixing tee configuration 

• Collision of two substreams of high energs and general ion of a large contact surface due 

to • preying/atomizing 

• Manifold splitting and recombination of a stream consisting of two fluid lamellae of two 
components 

subsections correspond to specific variants or adaptations of one concept, merely being 
samples which show the range of possibilities to realize a common idea. For instance, the 
ection "Manifold Splitting and Recombination of a Stream Consisting of Two Fluid l a 
neiiae of Both Components'" is subdivided into the following .subsections: 


uiliplc How Spiiltiue and Recombination t 'ombined will) Channel R •shaping 
iihiplc Nov, Sphmne and Rccombin aiion lis.iw fork like Klemenls 
uinpic Hmv Splitting <mJ Reeombinaiion Using n Separation Plate etc. 

e ca.se of microreaclion systems, this type ofekussification has not been followed, tor 
tns listed therein. For instance, in the chapter Gas Phase Reactors" ll.c ir.ic.osx ;wms 
grouped according to lite type of reactions carried out. 


1.1.3 Functional Classification of Microreactors 

Two classes of microreactors exist, referring to applications in analysis, especially in the 
Held of biochemistry and biology, or chemical engineering and chemistry. Although these 
fields are distinctly different in most cases, as analytical and preparative equipment are, 
<nm , mu-roreaciors cover both aspects. This holds particularly for combinatorial chemistry 
,„,! microdeviees which serve as analytical tools for information garnering as 

well as synthetic tools providing milligram quantities of products. 

A further classification of microreactors is based on the operation mode, either being 
continuous flow or batch- type. The vast majority of microdevices presented in this book 
refer t< - continuous flow svstems. Instead, batch systems such as micro and nano titer plates, 
e - for solid-supported chemical synthesis of drugs, will not be reported. In this Held, the 
reader is referred to comprehensive overviews supplied by a number of excellent reviews 
and books 1 3—5 1 . , . k ,„.„ 

The same holds for a iar«e number of continuous flow nuerolhiidic devices which weu. 
developed tor analytical purposes starting in the late 1980s. If a series of processes such as 
fjlimion mixin» separation and analysis is combined within one unit, the corresponding 
microsystems usually were termed micro total analysis systems (pTAS) |6-I2|. Most of- 
ten these systems were applied for biochemical and chemical analysis. Modern develop- 
ments consider e.g. polymerase chain reaction, electrophoretic separation, or proteome 
analysis, just to mention a few [ 1 3-1 5]. 

Concernine this field already comprehensively described 1 16|. only component devel- 
opment will be presented in the framework of this book which turned out to be relevant for 
■u-nnses of chemical microreactors. This is especially the case for analytical micronuxers 


micioicaciuis. i iii.s is wjiinuiij 

yicWin" a conceptual base for similar constructions for synthetic applications. Hence, in 
jews of consistent and uoveih. the following chapters within this book will only refer to 
developments concerned with How -through chemical microreactors. used for process de- 
velopment, production or screening. 

1.1.4 Dividing Line Between Analysis and Reaction Systems 

Reaction systems "eneralh differ irom analysis systems by producing or converting mate- 
rials or substances. The latter devices are designed to gather information, e.g. to measure 
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the content ul'n certain analylc in a water sample taken from a lake. However, comparing 
rMieniely small individual systems, this difference apparently vanishes, because miniaturi- 
zation of reaction devices ultimately w ill decrease the amount of converted materials to a 
level close to thai of analytical devices. Therefore, the product" ity of such small reaction 
-. ,cc>. which is nol suffuienl anvmoie for sv nlhesis purposes, can be used Cor process 
development or for screening only . 

Both applications clearly refer to measuring tasks, the former regarding Hie finding ol 
optimum process conditions, die latter of application-tailored materials. Actually, such 
i nc; i mi ring tools gather information similar to analytical devices. However, the purpose o! 
i-ine the information is distinctly different. In analytics, information gathering is an end in 
: ,cll For instance, die detection of ozone concentration in a certain layer ol the atmos 
pnere provides important information lor ecological research. Ineonliasi. information oh 
...me J in small reaction systems is used to optimize a lab s> nthesis 01 a large-scale process 
as well as to produce a new material with advanced properties, thus, finally is related to 
production issues. Hence, there is a clear dividing line between miniaturized analysis sys- 
tems and microreactors for chemical applications. 

1,2 Fundamental Advantages of Microreactors 

Hefoiv analyzing die fundamental advantages of microreactors it is worthwhile io short I \ 
iv\ iew the benefits of miniaturized analysis systems, designed with similar characteristic 
dimensions as microreactors. and nano scale reaclors of much smaller size 


1 .2. 1 Fundamental Advantages of Miniaturized Analysis Systems 

A large number of applications within the last decade clearly demonstrated fundamental 
..uv. -images for miniaturized analysis systems compared to lab-scale equipment (see also 
s.viI.hi I I \\ The smaller devices needed less space man-rials and euerpv and oiien had 
, t»....i.>r .-,'snoiisc limes pi In particular, more information per space and lime is gained Ry 
. ; M i - • microfahiicalion and automated assembly, die costs per device could be kepi low. 
; ... cieasing die component size, in addition, allowed the integration of a multitude of small 
! ' ,.,v imnal elements, thereby enhancing the system performance |?j. 


I..?.. 2 Fundamental Advantages of Nano-Seale Reactors 

lollowing. a nano scale reactor is defined a* sn> supmmoieculnr nssemhly winds 
■- ..- a reaction unit. i.e. being a host providing a small react ion volume, sometimes 
.r x.i-.\s one molecule. To mention only a few. Mipraiuolctiiar assemblies such a.- 
, lc nliii iweezers. zeolites, micelles, liposomes and l.aiiguuiir- Blodgell layers were. 
other applications, utilized as small ••reaction \\ sseis" Mosi often, the moleeulai 



Da mi.se of Linear Dimensions 

Decreasing the linear dimensions increases, lor a given difference in a physical properly, 
die respective gradient. This refers, to properties parliailarl\ important lor processing in 
chemical reactors, such as temperature, concentration, density, or pressure. Consequently 
the driving forces for heal transfer, mass transport, or diffusional flux per unit u>luntc or 
unit area increase when using mieroreactors. 

These simple theoretical predictions were evidenced by a number of studies, e.g. con- 
cerning heat and mass transport. The majority of today's microreaetor/heal exchanger dc- 
\ ices contain microehannels with typical widths of 50 urn to 500 urn: the separating wall 
material between reaction and heat transfer channels can kepi down to 20 to N ; U m. \\ nec 
essary. As a result, heat transfer coefficients up to 25,000 W/nr K measured in microdeviees 
exceed those of conventional heal exchangers by at least one order of magnitude |2I |. 
Tvpieal fluid layer thicknesses in micromixers can be set to a few lens of micrometers, in 
special configurations down to the nanometer range. Consequently, mixing times in 
micromixers amount to milliseconds, in some cases even to nanoseconds (22, 23], which is 
hardly achievable using stirring equipment or other conventional mixers. 

Increase of Surface to- Volume Ratio 

As a consequence of the decrease in fluid layer thickness, the corresponding surface-to- 
volume ratio of the fluid entity is also notably increased. Specific surfaces of microehannels 
amount to 1 0.000 to 50.000 nr/m\ w hereas typical laboratory and production vessels usu- 
ally do not exceed 1000 m"7m ' and 100 m 2 /m\ respectively. Apart from benefits of heat 
transfer mentioned above, this increase in specific vessel surface can be utilized, e.g., in 
catalytic gas phase reactors coaled with the active material on the inner walls. 

Similar benefits have to be expected for multiphase processes, when at least one of the 
fluid phases has a layer thickness in the micrometer range. Both estimations by theory and 
experiments proved that the specific interfaces of such nniltiphases in mieroreactors can be 
set in the range of 5000 to 30.000 nV/iiv. So far. the highest reported interface was meas 
wed using a lading film mieioreactor. amounting to 25,000 in "/m |24. 25 1. Traditional 
bubble columns do not exceed a few 100 m7nv : the best modern gas/liquid lab contactors 
such as impinging jets generate liquid surfaces of about 2000 m'/m' 1 [26]. In some favorable 
vases, e.g. regarding annular (low in micro bubble columns [25, 27]. the corresponding 
specific interfaces can be set nearly as high as the specific surfaces of microehannels. thus 
potentially acbiex ing 50.0(H) tit /m or even larger values. First measurements indeed showed 
Targe specific interfaces for this Oow pattern, although not yet reaching the theoretically 
pussioie limit [25]. 

Hue lo (he reduction of the linear dimensions, ihe volume ol mieroreactors is significant!} 
decreased compared to large-scale reactors, typically amounting to a few pi. This differ 
ence becomes even larger when, in combination with reactor miniaturization, a large-scale 
batch process I- replaced by continuous flow operation in microdeviees. In case of a metallo 
-•igaw. reacti.)!!. the material hold-up could be decreased from a tank o! 60()0 i size to : 


volume of a lew milliliters wiihin live miniaturized mixers |28|. The smaller hoid-up in- 
creases process safely and. due to shorter residence time, improves selectivity. 


1.2.4 Advantages of Microreactors Due to Increase of Number of Units 

\ charaeieristie feature of microslructured fluidic de\ ice- is the multiple repetition of basic 
units either led separately in screening devices or operated in parallel, using a common 
feed line, for production purposes. 

Fast and Cost-Saving Screening of Materials and Processes 

Recently, the application of combinatorial strategies has been more and more extended 
from drug development in pharmacy |3,4j to screening of inorganic materials, catalysts 
and polymers ! 2*>— 32 \. Whilst the former processing route was focused on the use of small 
hatch reaction vessels, so-called micro and nano titer plates the latter approaches demand 
a diversification of reactor types. So far. inorganic materials, and in selected eases cata- 
lysts, were tested as arrays of spatially separated thin zones consisting of different materi- 
als |33. 341. These /ones usually were coated on wafers by means of thin film deposition 
techniques, in most cases using mask processes in order to locally change material proper- 
ties, e.g. generating concentration profiles. 

However, this straightforward approach is limited, especially regarding catalyst and poly- 
mer material research. The need for support porosity in the former case and long reaction 
times in the latter case are two among several arguments favoring the use of lube-like 
continuous flow reactors. A combined processing in many small lubes in parallel was al- 
ready realized in flow-through tube reactors |35|. A further decrease in hydraulic diameter 
leads to more and more compact microreactor design. 

first design concepts for such screening microreactors were a stack providing a frame 
for insertion of disposable catalyst carrier plates )3 1 1 and a sheet consisting of a number of 
reaction plates, structurally analogous lo a liter plate [361. Apart from increasing the number 
of samples to be investigated, further benefits in screening microreactors are the rapid and 
precise change of temperature, concentration and pressure. In particular, the possibility of 
isothermal operation and the high efficiency of mass transfer provide a sound information 
base e.g. allowing s.. measure intrinsic kinetic properties. 

me. rt..e continuous flow operation of microreactors enables rapid serial synthesis as well. 
One possible strategy can be based on the separation of liquid plugs containing the differ- 
ent samples separated by an immiscible liquid in a miniaturized channel 137. 38 1. 

The generation of many samples, either by parallel or serial means, requires las! analy- 
sis. The mteeralion of svnthesis and analysis in one de\ ice has a number of advantages 
besides compactness. This serves to speed up analysis limes, lo save sample material and to 
.•liminaie additional sample transfer, either performed manually or by a robot. 


increase 
in plant size 


Simple and 

'f S? i- replication 
! !». 1-3. Simplified scheme illiis>.r,:iinp sc«le-np v, 


Due to this interdependence of sample generation and testing, screening is. among all 
application fields of microreaetors. strongly dependent on the development of a practical 
"ial system approach, combining all relevant components in one device 

-nut tut ion l le.\ihilii\ 

'mi increase in throughput in microreactors is achieved In a numbering-up approach, rather 
Mian by scaling-up | I. 2|. The functional unit of a microreactor. e.g. a mixing structure, is 
multiply repeated. Fluid connection between these units can be achieved by using distribu- 
t.'ou lines and flow cquipartition /ones, most likely hierarchically assembled (see aiso See 

Numbering-up vvideiy guarantees that desired features of a basic unit are kepi w hen 
increasing the total system size 1 1. 2|. In an ideal case, measuring ilex ices for process tie- 
. lojimeni and production reaetoj become similar, being composed ol identical units, "flu - 



.poriance of flow distribution for the efficiency of the total reaction unit 
In addition, a larger number of units results in higher flexibility in adapting ptodtu-Ji.ii, 
e in varying demand since, at least in principle, a certain number of systems can to- 
uched off or further systems may he simply added to the production plan'.. A plant de 
n based on a large number of small reaction systems can. again at least in principle be 

i > s» stem, ibis flexibility may be supported h\ a considerabl\ h>-oa<V; rune- 
•sating conditions of a mieroreae'.oi compared with a macroscopic <\ siem 


1 J Potential Benefits of Microreactors Regarding Applications 

According id the discussion of the fundamental advantages, the following potential ben- 
efits regarding applications of microreactors obtain: 

• f aster transfer of research results into production 

• Earlier start of production at lower costs 

• Easier scale-up of production capacity 

• Smaller plan! size for distributed production 

• Lower costs for transportation, materials and energy 

• More flexible response to market demands 

Microreactors principally enable a taster transfer of research results into production due to 
their advantageous setting of operating conditions (see discussion above) yielding more 
precise data as well as information otherwise not accessible, e.g. regarding new process 
regimes. Meanwhile, this prediction b*> been confirmed b, a uJii.l > t r oi examples oi use 
1 28. 40 42 j. In addition, simple practical aspects make the use of microreactors as measur- 
ing tools attractive, e.g. ease and flexibility of construction and disassembly of experimen- 
tal set-up. small material consumption, or faster approval due to enhanced safety. 

Besides research transfer, the other potential applications presented above refer to pro- 
duction issues. So far. the corresponding technological development of respective 
microreactors could not reach a similar level as for measuring tasks. However, feasibility 
studies, mainly in the framework of bilateral industrial co-operations, are underway and 
soon will give a deeper insight |24. 43. 44). The next steps in these developments will be 
the realization and testing of production microreactors. Currently, hydrogen production in 
miniaturized reformers, for subsequent use in fuel cells, seems to be one of the most prom- 
ising fields that needs light-weight compact microreactors. 

facing production issues, throughput is directly correlated to reaction volume, whereas 
information gathering is independent of the size of the analysis system. Hence, it is usually 
assumed that specific production costs increase with decreasing reactor volume, referred to 
as economy of scale [45|. In addition, the ratio of construction material to reaction volume 
is inev itably high for microreactors, composed of a multitude of small channels separated 
by wall material. For similar performance of conventional and microreactors. this unfavorable 
ratio further seems to render production in microreactors unprofitable. However, specific 
lieids nave been identified where either the performance of microreactors is enhanced or 
the lower specific capacity is counterbalanced by cost saving due to other factors. Some of 
these fields refer to: 


• Replacing a batch by a continuous process 

• Intensification of processing 

• Safety issues 

• Change of product properties 

• Distributed production 
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1.3 Pou-miiil Bencliis of Mieroieitciors Reganlinji Applioiiions 


Rt-plurinx a Batch by a Continuous Process 

At present, a number of processes are carried out batch-wise. e.g. utilizing stirred vessels. 
In some cases, reaction time is set much longer than kineticalK needed caused by the slow 
mass and heat transfer in a system of low specific surface area. Replacing this equipment 
a continuous flow process in a microreactorcan. due to fast transport in thin fluid layers, 
result in notably decreased contact times. In total, the process may be carried out faster. In 
addition, conversion and selectivity may increase as demonstrated for metallo-organic re- 
actions 1 24. 28]. Hence, space-time yields of such microreaclors can exceed that of batch 
processes. 

Intensification of Processing 

Due to short diffusional distances, conversion rates can he significantly enhanced in 
microsystems. This was cxemplarily verified for the intensification of heat transfer of ther- 
mally coupled high-temperature reactions by recent calculations (44]. For a given chemical 
process, using conventional technology and a microreactor. calculations predict that the 
amount of catalyst needed can be decreased by miniaturization by nearly a factor of I (XX). 
This increase in performance was gained at the expense of a decrease of the ratio of reactor 
volume to construction material in c ase of the microreactor. Nevertheless, the microreactor 
size could be decreased by a factor of 10 compared with conventional technology, render- 
ing its performance superior for this specific application. 

Safely Issues 

in the past, several examples of processing in microreaclors clearly demonstrated safe op- 
eration using process parameters ofotherwi.se explosive regimes 1 46-48). This information 
cannot be used for classical process development, aiming at an increase of reactor size. The 
production inevitably has to be achieved by numbering-up of identical units, i.e. keeping 
the individual reaction units small. The use of operating conditions, corresponding to so far 
• remote" or "secret*' regimes, certainly expands the operational flexibility of conventional 
reactors. Currently, the importance of this expansion cannot put in concrete terms, if being 
i- c ivvirioied to mode! reactions-, eg contacting hydrogen and cv.gcn. oi being a gen 

(' hanife of Product Properties 

So far. only the influence of transport intensification on conversion rale, conversion and 
selectivity was discussed. This holds as far as the synthesis of low -molecular weight mol- 
ecules is concerned. Taking into account polymer and multiphase formation, conforma- 
tional and compositional features become important as well as morphological properties. 
■ g as given for the generation of supramolecular structures such as liposomes, capsules 
.aid microemui.sions. These features ate sensitive particular!) to micromixing phenomena 
ucsignaiing microsystems for application in these fields. Highly efficient and homogene- 
ous mass transfer in micromixers was demonstrated to improve the uniformity of the 
n eight distribution of polymers |4I | and size distribution of droplets in semi-solid pastes 
! Ail. 


At presem, production is carried out in large plants and it is aimed In make them larger as 
f ar as technically feasible. Concerning petrochemistry, for example, the contents of natural 
feedstocks are transported, sometimes over long distances, to a central plant and converted 
therein to more valuable products. The small size and remote location of a vast number of 
feedstocks render exploitation not profitable since neither plant construction nor transport 
in pipelines is economically attractive. Processing in microreaders may be less costly than 
applying conventional equipment. Installation and removal may be sufficiently fast and 
flexibility towards productivity high due to the numbering-up assembly. 

Other examples of processes which potentially could benefit from a distributed produc- 
tion were given by many authors [2. 45. 50]. Most often, reactions with extremely toxic 
substances or otherwise hazardous potential were mentioned. 

These potential features illustrate that microreactors are promising tools for on-site and 
on-demand production. 
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